Introduction
The inner medulla of the mammalian kidney plays an important role in concentrating the urine, yet many details of the local concentrating mechanisms remain unexplained. While the mechanism of the accumulation of urea has been clarified (see review [1] ), the model of the comprehensive mechanism for the concentrating process proposed independently by Stephenson [2] and Kokko and Rector [3] , was not borne out by experimental results [4] . In this paper we focus on the observations of SchmidtNielsen and coworkers [5] [6] [7] [8] that absence of rhythmic contractions of the renal pelvic muscles is associated with a decrease of the solute concentration in the inner medulla. Knepper et al. [9] proposed that a macromolecule, hyaluronan (HA), played the role of a mechano-osmotic transducer in the process. In an earlier paper [10] we discussed the role of macromolecules in the inner medulla and argued that by considering the thermodynamic equivalence between mechanical and osmotic work, the work exerted by the pelvic muscles seemed disproportionately small to account for the increase of solute concentration occurring in the inner medulla. The hypothesis developed here provides a possible resolution of this discrepancy.
We have previously proposed [10] that in the inner medullary interstitium of the mammalian kidney there are 2 fluid compartments: the HA compartment and the extravasated plasma albumin (EPA) compartment. Although these compartments are not separated by a mem- Pinter 
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Nephron Physiol 2009;113:p1-p6 p2 brane, the separation is the result of molecular exclusion, a phenomenon described by Ogston, Laurent and associates [11] [12] [13] as it relates specifically to hyaluronan and albumin. Distribution of ions and water between these compartments is determined by the Gibbs-Donnan relationship.
In the Gibbs-Donnan model the charged colloid necessitates a redistribution of both positive and negative small ions in order to approach electroneutrality between 2 compartments on both sides of a membrane which is permeable to water and small ions but not to colloid molecules. The movement of ions causes osmotic imbalance and consequent water movement that, in turn, disturbs the balance in ion concentrations, whereupon further ion migration takes place. In the absence of an external intervention, relocation of ions and osmotic water redistribution would continue until the compartment containing the charged colloid would absorb practically the entire other compartment. In models of Gibbs-Donnan equilibrium, such external intervention is usually applied as a hydrostatic pressure on the colloid-containing compartment. At equilibrium the excess hydrostatic pressure on the colloid-containing side imparts an increase of water potential which is sufficient to balance the higher potential of water on the other side, so that no net movement of water occurs between the 2 compartments.
The interstitial space in the renal inner medulla is about 10-15% of the total tissue volume which is larger than the interstitial space in other regions of the renal tissue [14] . The HA content of the inner-medullary interstitium averages approximately 1.0 mg/ml wet weight of tissue and shows an increasing concentration profile toward the papilla [15, 16] . The extravasated albumin molecules are mobile and, driven by solvent drag, move rapidly through their EPA compartment and re-enter into the ascending vasa recta [17, 18] . We estimated [10] that the EPA compartment constitutes approximately 15-20% of the interstitial volume, and cited experimental data [19, 20] indicating that the concentration of albumin molecules in this compartment is about one third to one half of that in circulating plasma.
The HA and the EPA compartments together constitute a complex interspersed structure. The interwoven HA molecular fibrils are surrounded by sheets of water in which the mobility of water molecules is restricted [21] . The Gibbs-Donnan relationship, which influences the movements of water and small ions between the HA and EPA compartments, is modulated by the presence of NaCl. Urea and NaCl are approximately equal constituents responsible for the high osmolality of the inner medullary tissue [22] which rises steeply toward the papilla, and reaches its highest value well in excess of 1 osm/kg of water in many species.
Modulated Colloid Osmotic Effect
In their early paper, Donnan and Harris [23] , using Congo-red as a negatively charged non-penetrating colloid, reported that the colloid osmotic pressure was progressively diminished with increasing NaCl concentration. An explicit formulation of the quantitative effect of NaCl concentration on equilibrium colloid osmotic pressure was derived by Hitchcock [24] from Donnan's theory of equilibrium which is based on the requirement that the concentrations of diffusible ions at equilibrium conform to the equality of ion products. Derivation of the formula is found in the Appendix. The formula reads:
where P is the equilibrium colloid osmotic pressure in mm Hg; R is the gas constant in appropriate dimensions and T the absolute temperature in Kelvin; z represents the molal-equivalent concentration of the colloidal anion, n is the number of negative charges of one colloidal molecule, and x is the equilibrium equivalent concentration of the diffusible Na and also the Cl ions, each, in the solution on the side of the membrane that does not contain the charged colloid, where their concentrations are equal.
By using Hitchcock's formula, we calculated the approximate effects of varying NaCl concentrations on the equilibrium colloid osmotic pressure developed by a colloidal solution of a linear polymer of the size of 10 6 Daltons at a concentration of 1 g/kg of water, at 38 ° C. The osmotic pressure for such a solution, if the colloidal molecule is assumed to carry no electric charge and if no swelling pressure is to be taken into account, is less than 0.02 mm Hg. When using the above formula for charged colloids, constant pH was assumed. The calculations showed that the size of the colloid (up to 10 million Daltons) and its concentration (up to 10 g/kg of water) had only unremarkable effects on the equilibrium colloid osmotic pressure.
As shown on figure 1 , both the electric charge density of the colloid molecule and the NaCl concentration are predicted to have substantial effects on the equilibrium colloid osmotic pressure. The 3 different lines on the graph represent 3 different charged states of the colloidal molecule such that every one of the one-million-Dalton-p3 size colloid molecule carries 10,000 negative unit charges on the top line, 5,000 charges on the middle line and 2,500 charges on the bottom line, (i.e. in the polymer each respective 100, 200, and 400 Dalton size repeating subunit carries one unit negative charge). No internal interference of these charges is assumed. We refer to these as high, moderate, and low charged states, respectively.
According to Laurent and Fraser [13] HA is a linear polymer built from repeating disaccharide units of Dglucuronic acid -N-acetyl-D -glucosamine. Providing that each of these, 405 Dalton size, repeating disaccharide unit carries 1 free negative charge of a carboxyl group, the charge density of the HA molecule should be close to the low-charged generic polymer represented in the Figure. On the abscissa in figure 1 , the equilibrium equivalent concentration of Na (and also Cl) on the side that does not contain colloid are marked, vs. the equilibrium colloid osmotic pressure on the ordinate. The figure shows that when the concentration is 0.001 Na Eq/kg, the equilibrium Donnan pressure generated by the highly charged colloidal solution is 159 mm Hg. For the moderately charged colloid it is 66 mm Hg, and about 23 mm Hg for the low charged state of the colloid. The figure also shows that with increasing Na concentration the equilibrium colloid osmotic pressure is drastically diminished in all cases, to such a degree that when the equilibrium NaCl concentration on the side not containing colloid is 0.2 Eq/kg, (approximately at mark 0.1 on the X axis) the low charged colloid develops a Donnan pressure of less than 1 mm Hg; even the colloid carrying four times as many charges generates approximately 3 mm Hg pressure.
While the above-presented calculations relate to a generic charged polymer, the broad ranges of assumed charge densities, molecular sizes and concentrations show the basic idea of our hypothesis, which is that owing to the presence of high NaCl concentration in the inner medulla, the osmotic pressure generated between the HA and EPA compartments should be reduced to very low levels so that it is balanced and can be exceeded by low hydrostatic pressures. As Hitchcock's formula shows, with increasing NaCl concentrations, the values of the colloid osmotic pressure asymptote to the value of the osmotic pressure generated by the colloid alone. While these pressures are very low, they are always positive. Thus, without an intervening event , water will tend to enter into the HA compartment however high the NaCl concentration may be. The events that intervene are the cyclic pressure waves generated by the pelvic/calyceal muscles.
Working Hypothesis
According to our hypothesis, in the HA compartment of the inner medullary interstitium, the charged HA molecules, jointly with the Na and Cl ions, develop a colloid osmotic pressure and absorb ions and water from the EPA compartment. The EPA compartment is supplied with fluid and elevated NaCl concentration (owing to the countercurrent mechanisms operating in the outer medulla) from the descending loops of Henle and vasa recta . In the concentrating kidney, a small amount of water also enters from the collecting ducts. We suggest that uptake of fluid by the HA compartment is cyclically interrupted and reversed by pressure increases exerted by the pelvic muscles (in monopyramidal kidneys) or the calyceal muscles (in multipyramidal kidneys); these respective parts at the beginning of the ureter enfold the inner medulla and the papilla. The hydrostatic pressure generated by these muscles has not been measured to our knowledge. An estimate for the calyceal pressures in man may be obtained from the studies of Kiil [25] . This author inserted a catheter in a human patient from the ureter into a calyx, and after finding no muscle activity, injected a few milliliters of fluid (containing X-ray contrast material) and elicited cyclic contractions of the calyceal muscles. The peak magnitude of the pressure waves can be estimated from his figure 27 (on p.92 of ref. 25 ) to be approximately 10 mm Hg.
To be effective in squeezing fluid from the HA compartment, the hydrostatic pressure has to exceed the Donnan pressure which, as shown above, at NaCl concentrations prevalent in most mammalian inner medullae, is very low. The pressure has to overcome also the rigidity of the HA chains. As shown by Gribbon et al. [26] , in this the high concentration of urea in the inner medulla should play an important role. These authors stated '… urea increases the flexibility of HA chains. The primary intramolecular chain-stiffening mechanism for HA arises from hydrogen-bonding between adjacent saccharides. … (Urea) … disrupt(s) only a sub-fraction of hydrogen bonds such as those involving a water bridge.' The urea concentration producing this effect was relatively low: it was present at 0.5 M and higher concentrations, at levels which are in the range found in the mammalian inner medulla.
The pressure exerted by calyceal/pelvic muscle contractions should affect both the HA and the EPA compartments. The main effect of the increased pressure on the EPA compartment would enhance fluid outflow toward its sink, i.e. into the ascending vasa recta.
The maintenance of material balance and the concentrating function should depend on the particular fact that when squeezed, the HA compartment would not act as a simple sponge. The composition of the fluid squeezed out of a simple sponge is the same as the fluid in the inner labyrinth of the sponge. In contrast, when the HA compartment is squeezed, at first a relatively dilute fluid would be removed from it. This is because, although there is no membrane between the HA and EPA compartments, in the HA compartment ions, other solutes, and water are held together by various physical and chemical bonds within and around the interlaced fibrillar network of the HA molecules. When subjected to a transient squeeze, at first dilute fluid would be removed from the HA compartment because water molecules are less strongly bound than Na + ions which are more strongly tied to the HA reticulum. Hence, the importance of the pulsatile nature of the pressure, as a prolonged squeeze would remove fluid with increasing solute concentration. In the relaxation phase, the HA compartment would be reconstituted by absorbing both lost water and ions, whereby the conditions prior to the squeeze should be restored. As noted by Lu et al. [27] in a similar system, over a few cycles this type of a process tends towards dynamic steady state.
Discussion
The macromolecular components of this hypothesis have been subject of extensive research in times earlier.
The high concentration of HA in the inner medulla of the mammalian kidney has been described and suggestions have been made for its possible role in the urine concentrating process by several authors [28] [29] [30] . Knepper et al. [9] presented an insightful conjecture for the role of HA as a transducer of pressure energy into osmotic work. Our conceptual difficulty with the quantitative aspect of their conjecture contributed part of the impetus for the macromolecular hypothesis presented in this paper.
The large quantity of extravasated albumin in the renal interstitium has been first noted by Pappenheimer and Kinter [31] and also by Weaver et al. [32] . A possible connection between extravascular albumin and the urine concentrating process has been described by Pinter [19] who found a significant correlation between the urine osmolality and the extravascular albumin distribution space in the canine medulla, but no explanation for this finding was apparent. Wilde and Vorburger [33] discussed the interaction between the accumulation of extravascular albumin by means of an 'albumin multiplier' and the entry of Na into the inner medullary interstitium. MacPhee [16] concluded that both HA and extravasated albumin were involved in the inner medullary concentrating process, but the mechanism of this effect was not specified.
Conclusion
This proposed hypothesis embraces most of the known structural and functional characteristics of the inner medulla of the mammalian kidney. It takes into account the macromolecular composition, the high concentrations of NaCl and urea, the relatively large size of the interstitium, and the rhythmic contractions of the pelvic muscles. As described in more details above, this proposed hypothesis of a concentrating process depends on the negatively charged colloidal HA in the HA compartment which, together with the ions, generates a colloid osmotic pressure p5 absorbing water and ions. Owing to the relatively high concentration of NaCl, this colloid osmotic pressure is reduced to low levels so that it would be cyclically stopped and reversed by small hydrostatic pressures which are generated by the pelvic/calyceal muscle contractions. These contractions squeeze fluid from the HA compartment. The first portion of squeezed-out fluid is dilute; subsequently -depending on the duration of the squeeze -it should contain an increasing concentration of ions. In the muscle relaxation phase the uptake of fluid by the HA compartment would be restored.
When, in the concentrating kidney, a small amount of excess water is added to the fluid absorbed by the HA compartment, alterations of pressure, duration and frequency of muscle contractions or a combination of these can adjust to the perturbation. In water diuresis when the aquaporine channels of the collecting duct wall are not open, the dilute tubular fluid from the distal convolutions flowing through the collecting ducts is further diluted by reabsorption of solutes, resulting in the excretion of dilute urine. Under the latter conditions the pulsatile cycles would continue to be instrumental in the material turnover and the recharging of the effectiveness of the HA compartment.
We have not attempted to incorporate this proposed mechanism as a single effect into a countercurrent multiplication scheme. The increasing concentration of HA [16] may help explain, at least partially, a similar gradient of Na + ions. A model of water conservation of the mammalian kidney by countercurrent flows was first proposed around the middle of the last century by Kuhn and Ryffel [34] . Schmidt-Nielsen and her associates [5] [6] [7] [8] described that muscle contractions are involved in water metabolism in the mammalian kidney and also in other species, namely insects, and proposed a hypothesis about a concentrating mechanism that involves hydrostatic pressure generated by muscle contractions [6] . Her work and our hypothesis of a macromolecular mechanism should direct further attention to this hitherto little explored mechanism of water conservation in living organisms.
Appendix

Derivation of the Equation for Calculating Colloid Osmotic Pressure in the Gibbs-Donnan Model
In the Gibbs-Donnan model, a membrane which is not permeable to negatively charged colloids but permeable to Na + and Clions separates two solutions. One solution contains a charged colloid R n-at a concentration of z/n, where z is the molal concentration of the colloidal anion, plus Cl ions at the equilibrium molal concentration of y, plus Na ions at the equilibrium molal concentration of y + z. The solution on the other side of the membrane contains Na and Cl ions both at the molal concentration of x. The osmotic pressure is generated by the difference between the sums of molecular concentrations of all solutes in both sides, and the equilibrium state is maintained by exerting a hydrostatic pressure of P (mm Hg) on the colloid side. Italicized R and T denote the gas constant (in appropriate dimension) and the absolute temperature (in centigrade). Thus:
According to Donnan's theory of membrane equilibrium, the concentrations of diffusible ions conform to the ion product equation: Assumptions. No swelling pressure; no interacting charges on the colloid; the osmotic coefficient of all solutes is unity.
